Introduction
Grass pea (Lathyrus sativus L., 2n = 2x = 14) is a proteinrich important food grain legume crop that plays a significant role in animal and human nutrition throughout the world (Barpete et al., 2012) . Although it is well adapted to most adverse conditions because of its ability to survive under extreme abiotic and biotic stresses, it is still counted among the most underutilized crops (Kumar et al., 2011 (Kumar et al., , 2013 . Very limited literature is available on this crop, which has led to poor development and exploitation of genetic and genomic resources. There is a need to carry out extensive studies on the crop for improvement of agronomic characteristics leading to healthy production of plants free of antinutritional factors and β-N-oxalyl-L-α,β-di-amino propionic acid (ODAP), which lead to a neurological disorders.
Due to the inherent potential of grass pea as being robust and highly resistant against biotic and abiotic stresses, it may serve as a potential source for the transfer of new and useful resistance genes to other economically important plants in related genera (Vaz Patto et al., 2006) . Conservation of local resources and sustainable utilization of genetic resources are of paramount importance for grass pea improvement (Kumar et al., 2013) . In vitro regeneration through plant cell and tissue culture is considered as a complex process regulated by plant growth regulator combinations, photoperiod, pH, carbohydrates, and other growth supplements (Özcan et al., 1993 , 1996 Özcan, 1995; Barpete et al., 2008) . This can also help in double haploid production of grass pea, which may be used for production of true-to-type ODAP-free plants. Previous studies suggested that grass pea tissue cultures are genotypically oriented and that different grass pea cultivars regenerated under similar environmental conditions exhibit variable regeneration. A reliable shoot regeneration protocol is a prerequisite for efficient application of genetic transformation strategies (Barik et al., 2005) . Plant cell and tissue culture is an important tool that provides novel Abstract: Lathyrus sativus L. (grass pea) is an important grain legume crop grown all over the world. It is very recalcitrant and difficult to regenerate under in vitro conditions. The present study determined the effect of preconditioning of cytokinins [10 and 20 mg L -1 thidiazuron (TDZ) and 2-isopentenyl adenine (2iP)] and postconditioning of dissimilar levels of TDZ-indole-3-butyric acid (IBA) and 2iP-IBA on in vitro shoot multiplication using embryonic node explants. The results showed that preconditioning followed by postconditioning on Murashige and Skoog (MS) medium with 0.25, 0.50, 0.75, and 1.0 mg L -1 2iP or TDZ combined with 0.10 mg L -1 IBA had positive effects on shoot multiplication. It seemed as if the TDZ-preconditioned and TDZ-IBA-postconditioned explants were more regenerative compared to 2iP-preconditioned or 2iP-IBA-postconditioned explants. Maximum shoot induction (100%) was achieved on MS medium containing 1 mg L -1 TDZ and 0.10 mg L -1 IBA, with a mean number of 31.10 shoots per explant. In comparison to the other cytokinin tested, 2iP-preconditioned and 2iP-IBA-postconditioned explants had longer shoots, with a mean shoot length of 8.10 cm. Root initiation was observed on all cultures 4 weeks after the transfer of shoots with the best rooting on MS medium containing 2 mg L -1 IBA. The rooting response was 76.56% with a mean number of 8.03 roots per shoot and root length of 8.2 cm. The healthy plants were transferred to a greenhouse for acclimatization and exhibited 90% survival. It was concluded that TDZ preconditioning was necessary for grass pea multiplication along with TDZ-IBA postconditioning. This regeneration protocol may facilitate future genetic transformation and breeding studies to reduce β-N-oxalyl-L-α,β-di-amino propionic acid content in grass pea.
opportunities for improvement of germplasm (Aasim et al., 2013; Ochatt et al., 2013) by reducing the span of the breeding period (Zheng et al., 2013) .
There is no previous study on preconditioning and in vitro regeneration from embryonic node explants of grass pea. The present investigation was undertaken to study in vitro preconditioned explants in terms of effective cytokinin selection, which may be useful for easy regeneration, leading to genetic transformation studies in this important and neglected food grain legume crop plant.
Materials and methods

Explant source and surface sterilization
The seeds of L. sativus L. 'Gürbüz' were obtained from the Central Field Crops Research Institute, Ankara, Turkey. They were washed in running tap water followed by surface sterilization using 30% H 2 O 2 and 3 drops of Tween-20 for 20 min. This was followed by 3 × 5 min of rinsing with sterile distilled water and blotting onto tissue paper.
Chemicals
The plant growth regulators, GELRITE gellan gum, and the chemicals used in this study were purchased from SigmaAldrich Co. (St. Louis, MO, USA) and Duchefa Biochemie B.V. (Haarlem, the Netherlands).
Medium and culture conditions
The sterilized seeds were sandwiched in moist filter papers contained in petri dishes for germination. After 5 days, embryonic nodes ( Figure 1a ) and embryonic radicle explants were excised aseptically and preconditioned on GELRITE solidified Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) containing 10 and 20 mg L -1 2-isopentenyl adenine (2iP) or thidiazuron (TDZ) for 10 days. Embryonic nodes cultured on GELRITE solidified MS medium served as the control.
All media were autoclaved for 20 min at 121 °C (1.5 kg cm -2 pressure), and the pH was adjusted to 5.6-5.8 with 1 N NaOH or 1 N HCl. All cultures were grown at 25 ± 2 °C with a 16-h light photoperiod. Light was supplied at an intensity of 25 µmol photons m -2 s -1 using cool-white fluorescent lamps.
Effect of cytokinin on shoot multiplication
The experiment consisted of 3 replications with 6-8 preconditioned embryonic node explants cultured on postconditioning regeneration medium to induce multiple shoots. The MS postconditioning regeneration medium was supplemented with 3% (w/v) sucrose, 0.3% (w/v) GELRITE, and 0.25, 0.50, 0.75, or 1 mg L -1 2iP plus 0.10 mg L -1 indole-3-butyric acid (IBA), or with 0.25, 0.50, 0.75, and 1 TDZ plus 0.10 mg L -1 IBA. The explants were subcultured to fresh media at 3-week interval. Each treatment was replicated 3 times. Thereafter, the regenerated shoots were transferred to MS basal medium for elongation of the shoots. The data on shoot multiplication response, multiplied number of shoots per explant, and shoot length were recorded at the end of the experiment.
In vitro rooting
Well-developed, elongated, and multiplied regenerated shoots (1.5 to 2 cm) were used to induce roots on MS medium with or without 0.50, 1.0, and 2 mg L -1 IBA for rooting. All cultures were kept at 25 ± 2 °C in 16-h light photoperiods in the growth chamber. Each of the rooting treatments consisted of 3 replications with 6-8 welldeveloped shoots for rooting. The experimental data were evaluated for rooting percentage (%), mean number of roots per explant, and mean root length after 3 weeks of culture.
Ex vitro acclimatization
Healthy plantlets with well-developed roots were selected for acclimatization. They were removed from the culture media and washed in running tap water to remove agarcontaining media sticking to the roots, followed by transfer to plastic pots containing sterile soil-perlite (1:1), peat moss-perlite (1:1), or soil-peat moss-perlite (1:1:1). Each vessel or pot was covered with a transparent polyethylene bag to create a high relative humidity and watered with 100 mL of tap water per week. After 10 days of acclimatization, the bags were gradually opened. The acclimatized plants were maintained under ambient daylight conditions at 19-23 ± 2 °C in the greenhouse.
Statistical analysis
Data were subjected to one-way analysis of variance (ANOVA; SPSS 17 for Windows, SPSS Inc., Chicago, IL, USA), and post-hoc tests were performed using the least significant difference (LSD) or Duncan's multiple range test (DMRT) at the 0.01 or 0.05 level of significance. The treatments were arranged in a completely randomized design. The data given in percentages (%) were subjected to arcsine (√X) transformation (Snedecor and Cochran, 1967 ) before statistical analysis.
Results
No contamination was noted on the seeds treated with 30% H 2 O 2 . The explants used in the study were obtained from 5-day-old regenerating seeds. The present study highlights the effect of preconditioning of embryonic node explants using MS medium containing 10 and 20 mg L -1 2iP or TDZ for 10 days on multiple shoot regeneration of grass pea. No regeneration was recorded on embryonic radicle explant that showed necrosis with the passage of time and died.
Results on preconditioning showed that both 2iP and TDZ preconditioning treatments did not affect the frequency (%) of shoot regeneration compared to control.
However, both concentrations of 2iP and of TDZ showed significant differences in number of shoots multiplied per explant (P ≤ 0.01) in comparison to the control.
Frequency of shoot regeneration ranged from 93.14% to 100% on 2iP and 93.72% to 100% on TDZ-pretreated explants irrespective of the concentration of growth regulators (Table 1) , while 100% shoot bud regeneration was noted on MS medium (control). Although no statistical differences were noted on 10 or 20 mg L -1 2iP-or TDZ-preconditioned explants, they showed numerical differences in terms of shoot frequency.
2iP-preconditioned explants induced 1.98 to 2.15 shoots per explant after 3 weeks of culture, which was statistically similar but showed statistically significant Table 2 ). Sharp differences were recorded among preconditioned and nonconditioned explants on postconditioning media in shoot regeneration frequency in a dose-dependent manner. Shoot regeneration frequency on nonconditioned explants (MS medium control) and 10 mg L -1 and 20 mg L -1 2iP-preconditioned explants ranged from 44.43% to 81.66%, 89.16% to 93.33%, and 93.33% to 96.66%, respectively (Table 2) . Nonconditioned explants cultured on MS medium (control) showed inconsistent behavior when they were cultured on different doses of 2iP-IBA. Although a statistically similar frequency of regeneration was noted on 10 mg L -1 2iP-preconditioned explants cultured on different postconditioning doses of 2iP-IBA, the higher concentrations of 2iP (0.75 and 1 mg L -1 ) with 0.10 mg L -1 IBA had statistically different results. All of the 20 mg L -1 2iP-preconditioned explants induced statistically similar regeneration frequency irrespective of the postconditioning concentration of 2iP-IBA in the regeneration medium.
The 2iP preconditioning treatment affected number of shoot per explants significantly (P ≤ 0.05) after postconditioning. Sharp differences were recorded among preconditioned and nonconditioned explants in number of shoots per explant in a postconditioning dose-dependent manner. Number of shoots per explant on nonconditioned explants (MS medium), 10 mg L -1 2iP-preconditioned explants, and 20 mg L -1 2iP-preconditioned explants on postconditioning media were 1.56-2.63, 2.13-3.93, and 3-5.33 shoots per explant, respectively. Each increase in the concentration of postconditioning 2iP with 0.10 mg L -1 IBA was followed by a corresponding decrease in number of shoots per explant on nonconditioned explants. The results showed that 10 and 20 mg L -1 2iP-preconditioned explants induced the maximum number of shoots per explant on explants with 0.75 mg L -1 2iP + 0.10 mg L -1 IBA postconditioning.
The shoot length showed statistically significant differences in 2iP-conditioned and nonconditioned explants (P ≤ 0.05). Shoot length was also affected by preconditioning and postconditioning treatments in a dosedependent manner. The shoot length on nonconditioned explants (MS medium), 10 mg L -1 2iP-preconditioned explants, and 20 mg L -1 2iP-preconditioned explants after postconditioning was 3.63-8.10 cm, 3.20-5.10 cm, and 3-4.20 cm, respectively. Comparing the 3 preconditioning treatments, the longest shoots (8.10 cm) were noted on nonconditioned explants regenerated with 0.50 mg L -1 2iP + 0.10 mg L -1 IBA postconditioning. Comparing the 3 in terms of preconditioning, it seemed that preconditioning induced reduction of shoot length on postconditioning media. Although explants preconditioned at 10 and 20 mg L -1 induced variable shoot lengths with different combinations of 2iP-IBA postconditioning, these results were statistically similar.
TDZ-preconditioned explants cultured on different combinations of TDZ-IBA
Preconditioned explants were cultured on 0.25, 0.50, 0.75, or 1 mg L -1 TDZ + 0.10 mg L -1 IBA (4 combinations). Significant differences were noted in frequency (%) of shoot induction (P ≤ 0.05) on TDZ-preconditioned explants after postconditioning compared to the control. The explants showed fast activity and began to swell soon after culture in a postconditioning dose-dependent manner. After 10 days of culture, callus initiation started at the cut ends of all explants treated with TDZ-IBA postconditioning, with subsequent induction of a pale yellow fragile callus followed by shoot bud initiation after 3 weeks. An analysis of the results showed that nonconditioning was inferior compared to 10 and 20 mg L -1 TDZ in terms of frequency of shoot regeneration after postconditioning (Table 3 ). The MS-treated explants had shoot regeneration frequency of 51.10% to 90% on postconditioning media, which was significantly different from 10 and 20 mg L -1 TDZ-preconditioned explants after postconditioning. All explants induced statistically similar frequencies of shoot regeneration after postconditioning; however, results varied numerically. The explants preconditioned with 10 mg L -1 TDZ induced 93.72% shoot regeneration frequency, whereas 100% shoot regeneration frequency was noted on 20 mg L -1 TDZ-preconditioned explants after postconditioning.
Comparing the nonconditioned explants cultured on different concentrations of TDZ-IBA, the results revealed that TDZ-preconditioning treatment affected the number of shoots per explant significantly (P ≤ 0.01). Number of shoots per explants on nonconditioned and 10 mg L -1 and 20 mg L -1 TDZ-preconditioned explants showed significant differences at 4.73-6.97, 6.96-10.13, and 12.76-31.10 shoots per explant, respectively (Figures 1c-1e) . The maximum number of shoots with 10 and 20 mg L shoot length of 3.25 cm was noted on nonconditioned explants cultured on MS medium containing 1 mg L -1 TDZ + 0.10 mg L -1 IBA after postconditioning. Irrespective of the preconditioning treatment concentration, inhibited growth of shoots was noted on MS medium containing any concentration of TDZ-IBA in postconditioning.
Comparison of 2iP and TDZ preconditioning
Although shoot regeneration frequency on the 2iP-preconditioned explants was lower compared to TDZpreconditioned explants, the maximum shoot regeneration frequency in each case was achieved on 20 mg L -1 2iP or TDZ, followed by regeneration on 10 mg L -1 2iP or TDZ and MS regeneration medium (control) in descending order after postconditioning. Similarly, the mean of shoot regeneration and frequency of preconditioned explants on different concentrations of 2iP-IBA or TDZ-IBA had parallel behavior. Shoot regeneration frequency range varied for 2iP-and TDZ-treated explants. Maximum shoot regeneration of 96.66% was obtained with 10 mg L -1 TDZ + 0.10 mg L -1 IBA postconditioning. Contrarily, statistically similar shoot regeneration frequency was noted after postconditioning on all 10 or 20 mg L -1 TDZpreconditioned explants.
Comparing the number of shoots per explant, the minimum number of shoots per explant in each case was noted on nonconditioned explants after postconditioning. A sharp increase in number of shoots/explants was noted on 20 mg L -1 2iP or 20 mg L -1 TDZ compared to the number of shoots per explants on 10 mg L -1 2iP or 10 mg L -1 TDZ after postconditioning. Maximum numbers of shoots per explant on 2iP-preconditioned medium were lower compared to the minimum number of shoots on TDZ-preconditioned medium. Comparing regeneration on different concentrations of 2iP-IBA or TDZ-IBA, shoot regeneration behavior was inconsistent with 2iP-IBA postconditioning, whereas each increase in the postconditioning concentrations of TDZ was accompanied by an increase in number of shoots per explant.
Comparing shoot length, each increase in the concentration of 2iP or TDZ preconditioning was inhibitory in each case. Minimum shoot length was noted on 20 mg L -1 2iP-or 20 mg L -1 TDZ-preconditioned explants after postconditioning treatments. Comparing the effect of 2iP-IBA or TDZ-IBA postconditioning treatments, the results suggested that each increase in the postconditioning concentration of 2iP was inhibitory and that each increase of postconditioning TDZ concentration was promontory. However, 2iP-induced shoots were comparatively longer than TDZ-induced shoots. Minimum shoot length in the case of 2iP-induced explants was longer compared to maximum shoot length in the case of TDZ-preconditioned explants.
In vitro rooting
In vitro regenerated shoots (1.5-2 cm) were isolated from explants after 4 weeks of culture and cultured on MS medium (control) or MS medium containing 0.50, 1.00, or 2.00 mg L -1 IBA. Significant differences (P ≤ 0.05) were noted among IBA treatments for root induction response (%), mean number of roots per plantlet, and root length (Table 4) . No rooting was noted on MS medium. Rooting frequency, number of roots per plantlet, and mean root length were 5.56%-76.56%, 0.66-8.03, and 0.26-8.20 cm, respectively. Comparing 3 concentrations of IBA, maximum rooting frequency (76.56%), mean number of roots per plantlet (8.03), and mean root length (8.20 cm) were noted on MS medium containing 2 mg L -1 IBA (Figures 1g and 1h) . The values for all 3 parameters on the remaining 2 concentrations were inhibitory and reduced. Moreover, the shoots cultured on MS medium containing any concentration of IBA also induced variable number of shoots per explants.
Ex vitro acclimatization
All rooted plants transferred to the greenhouse were at least 8-10 cm tall and included a minimum of 4 or 5 elongated nodal junctions coupled with a branched root in peat moss and perlite at a 1:1 ratio with 90% acclimatization. The results confirmed the acclimatization of 90%, 60%, and 50% in peat moss-perlite, soil-peat mossperlite (1:1:1), and soil-perlite (1:1), respectively. The best substrate was confirmed as peat-moss-perlite. The plants growing on this substrate were comparatively healthier, had longer shoot nodes, and induced flowers (Figure 1i ). After acclimatization in the growth chamber, the plants were transferred to the greenhouse, where they set pods and seeds (Figure 1j ).
Discussion
This experiment describes the preconditioning of explants with 2iP and TDZ followed by culture on different concentrations of 2iP with 0.10 mg L -1 IBA or TDZ with 0.10 mg L -1 IBA to find the effect of postconditioning treatments on shoot regeneration. The results clearly demonstrated the superiority of preconditioning over the control irrespective of the type and concentration of the used cytokinin.
Comparing the 2 preconditioning treatments, TDZ was superior in terms of shoot regeneration frequency and number of shoots per explants, whereas 2iP-preconditioned explants induced longer shoots. It was established that TDZ was the most successful plant growth regulator for axillary shoot initiation in the present study (Table 1) . It is well documented that TDZ is a potential plant growth regulator that is more effective in enhancing in vitro shoot initiation and proliferation (Sriskandarajah et al., 2001; Belide et al., 2010 , Jana et al., 2013 . Aasim et al. (2009 Aasim et al. ( , 2010 demonstrated successful in vitro shoot regeneration in a short time from preconditioned plumular apices and embryonic axis of cowpea using 10 mg L -1 6-benzyladenine (BA) for 5 days. Aasim et al. (2011) also suggested that it is an early inducer of shoot regeneration from preconditioned chickpea mature embryo and embryonic axis. Similarly, Aasim (2012) and Aasim et al. (2013) improved shoot regeneration from preconditioned immature plumular apices of lentil and plumular apice explants of chickpea.
Unlike in 2iP-IBA-induced regeneration, TDZ-IBAtreated explants showed callus initiation at cut ends of explants and subsequent pale yellow fragile calli after 3 weeks, in agreement with Aasim et al. (2009) . They observed callus induction on preconditioned cowpea plumular apices at different postconditioning concentrations of BA with or without α-naphthalene acetic acid (NAA). In other studies, Aasim et al. (2011 Aasim et al. ( , 2013 showed callus induction on preconditioned mature embryos and embryonic axes of chickpea.
A comparison of preconditioned and nonconditioned explants suggests that preconditioning favors and improves shoot regeneration potential of embryonic node explants, acts in a positive way, and improves hidden regeneration potential of the explants by many fold in terms of number of shoots per explant. These results are in agreement with those of Aasim et al. (2009 Aasim et al. ( , 2013 , who showed 100% shoot regeneration from plumular apices of cowpea and chickpea. Belide et al. (2013) also confirmed that cytokinin preconditioning enhanced multiple shoot regeneration in Pongamia pinnata. Jana et al. (2013) also suggested that cytokinin preconditioning has a positive impact on shoot induction and multiplication of Sophora tonkinensis.
This study reveals that when preconditioned explants were postconditioned on different concentrations of 2iP-IBA and TDZ-IBA in MS culture medium, they induced variable increases in number of shoots per explants, in partial agreement with Aasim et al. (2011) , who registered variable effects of cytokinin-auxin concentrations (BA-NAA).
The present study showed that shoot length was affected by preconditioning and postconditioning treatments in a dose-dependent manner. The longest shoots (8.10 cm) were recorded in nonconditioned (control) explants. Although preconditioned explants induced variable maximum shoot lengths on different combinations of 2iP-IBA and TDZ, results were statistically similar. Compared in the terms of preconditioning, it seemed that preconditioning induced a reduction in shoot length, resulting in inhibition and less active cell division in these regenerating shoots. These results confirm previous studies by Chen et al. (1995) in mung bean and Aasim et al. (2013) in chickpea. Comparing the effect of preconditioning with nonconditioned explants, the mean number of shoots per explant was higher for preconditioned explants on variants of TDZ-IBA, in accordance with the findings of Aasim et al. (2013) .
The effectiveness of MS basal medium containing 2.0 mg L -1 IBA to induce maximum rooting percentage and a greater number of longer roots in L. sativus was established in agreement with Barpete et al. (2010) , who also suggested using 0.75 mg L -1 IBA to achieve maximum root regeneration of 80% in L. sativus.
The results of this study demonstrated that regenerated shoots transferred to rooting media containing IBA also induced multiple shoots. Multiple shoot induction in rooting media containing IBA or any auxins in grass pea is an unknown phenomenon. The results are in agreement with previous findings of Aasim et al. (2013) , who showed multiple secondary shoots on root induction media containing IBA in chickpea. Similarly, Aasim (2012) also described the proliferation of 4-6 secondary shoots along with rhizogenesis arising from the same points on micropropagated lentil shoots. No rooting was noted on shoots cultured on MS medium without plant growth regulators in the present study, in agreement with the findings of Ochatt et al. (2000) .
No negative effects on acclimatization of plants were observed, and they recovered in a short time under greenhouse conditions. All the other substrates were inferior for acclimatization of the plantlets, due to the high or low water-retaining capacity of the substrates. The present results demonstrated the importance of the substrate characteristics used during acclimatization, in agreement with Anwar et al. (2008) .
The present investigation emphasizes the role of TDZ preconditioning in L. sativus embryonic node explants for producing a high frequency of multiple shoots, acclimatization, and ex vitro seed set in an explicit way. This establishes a new vista in grass pea biotechnology, which will hopefully facilitate easy genetic transformation of this important grain legume in the future.
Further research is required to study the micronutrient effect on flowering and seed physiology. Extension of this study may help in reduction or inhibition of harmful neurotoxin content for animals and human beings in Lathyrus species.
